Agroforestry is one of the most promising options for climate change mitigation through carbon sequestration. However, carbon sequestered in agroforestry system depends on various factors like type of tree species, tree density, system age, soil and climate. One of the most important factors for enhancing carbon sequestration per unit land is tree density. Hardwickia binata Roxb. has been reported as suitable agroforestry tree species with multiple benefits in arid and semi-arid region, however, the role and impact of tree density in carbon sequestration is poorly reported. This study estimated impact of tree density (D 1 = 333 tree ha -1 and D 2 = 666 tree ha -1 ) on carbon sequestration potential of 30-year-old H. binata Roxb. + Cenchrus setigerus silvipasture system in hot semiarid region of Rajasthan. The carbon sequestered in tree biomass was estimated by reported allometric equations, whereas in soil it was determined by Walkley and Black method. Results showed significant impact of tree density on carbon sequestration per unit tree and per hectare land. The average biomass carbon sequestered by a tree was significantly more (44.5%) in low density (D 1 ) compared to high density (D 2 ) system. However, total biomass carbon sequestered per hectare land was significantly more (40.8%) in high density system (31.6 ± 12.6 Mg C ha -1 ). Carbon sequestered in soil organic matter was higher in both 
GLOBAL warming and associated climate change is negatively impacting humans and almost all ecosystems on the earth. The main cause of this change is rapid increase in greenhouse gases (GHG) especially CO 2 , CH 4 and N 2 O and their atmospheric concentration which has increased by 40%, 150% and 20% respectively, since 1750 (ref. 1) . Out of these GHG, CO 2 concentrations are increasing at the fastest observed decadal rate of change (2.0 ± 0.1 ppm y -1 for 2002-2011) and is the largest single contributor to global warming (>70%) over 1750-2011 (ref. 1) . Reducing atmospheric concentration of CO 2 is the need of the hour for slowing down global warming and climate change. Agroforestry system has been reported as the most suitable option for achieving sustainable livelihood, climate change mitigation and adaptation. This land use system helps in mitigating climate change by sequestering large amount of CO 2 in the form of tree biomass and soil organic carbon (SOC) while also providing benefits like soil erosion control, modification of micro climate and production of resources like fodder, fuel, fruit, fibre and wood, etc. [2] [3] [4] . In India, carbon sequestration potential of agroforestry systems is estimated as 0. .55 Mg C ha -1 yr -1 for tree and 3.98 Mg C ha -1 yr -1 for SOC 4 . However, this potential varies with region, types of species, age of agroforestry system, environmental condition, and previous land use history 4, 5 . Livelihood of most of the farmers of arid and semi-arid region of India mainly depends on rain-fed agriculture and animal husbandry. Scarcity of fodder due to harsh climatic conditions in these regions is a major problem for farmers depending on animal husbandry. Silvipasture system becomes the most important intervention for sustainable animal husbandry in this region. Hardwickia binata Roxb. is a leguminous tree and is reported to enhance land use efficiency and fulfil multiple demands (timber, fodder and fuel) in arid and semiarid regions 6, 7 . H. binata Roxb. based silvipasture system has also reported to sequester carbon at the rate of 2.24-3.44 Mg C ha -1 yr -1 (refs 4, 8, 9) . However, tree density is one of the major factors that directly affects yield of inter-cropped species and tree biomass production/ carbon sequestration under agroforestry system [10] [11] [12] . Further, optimum tree density for getting maximum yield of intercropped species differs with age of the agroforestry system. Under Prosopis cineraria based agroforestry system, 278 and 208 trees ha -1 have been reported as the optimum tree density at the age of 6-7 years and 10-11 years respectively, for obtaining maximum intercrop yield 10 . Under H. binata Roxb. based agroforestry system, previous studies mainly focused on quantifying impact on intercrop, biomass production and soil quality. However, impact of tree density of H. binata Roxb. based agroforestry on carbon sequestration in tree biomass and soil has not been reported especially in arid regions. Furthermore, quantifying carbon sequestration potential of a tree species requires conduction of a long duration experiment. Comparing carbon sequestered in already existing old-age/matured agroforestry systems may provide good 13 . With this background, the objectives of the study were: (i) to determine the amount of carbon sequestered in biomass and soil in 30-year-old H. binata Roxb. based silvipasture systems under hot semiarid environment of India and (ii) to quantify the impact of different tree densities on carbon sequestration and yield of intercrop species. This work aims to utilize old planted agroforestry system for better understanding of impact of tree density on carbon sequestration in matured stage of the agroforestry system. (Table  1) 8, 14 . In January 2017, total number, diameter at breast height (DBH) and height of the H. binata Roxb. trees were recorded manually with measuring tape and height pole respectively from all rows except boundary rows and two trees on both the ends of each row to avoid boundary effect. Observations were avoided for trees with gap (due of loss of tree) to simulate similar effect of tree density.
The total biomass carbon sequestered per hectare area was calculated on the basis of survival percentage of trees in the experiment. After flowering, above ground biomass of C. setigerus was harvested in 2016 and 2017 from three randomly selected plots (3 m × 10 m in D 1 and 3 m × 5 m in D 2 ) within each inter-row space (except boundary inter-row space) for comparing dry matter yield.
Composite soil samples of three randomly sampled soils from 0 to 30 cm depth in each inter row space were collected for determining SOC. Each soil sample was collected near the base and 2.5 m and 5 m away from tree base in D 1 and D 2 systems. Boundary rows were avoided for the collection of soil samples. Additional soil samples from 0-30 cm depth were also randomly collected from adjoining C. setigerus field (control) for comparing amount of SOC sequestered under D 1 and D 2 systems. SOC was determined by estimating easily oxidizable organic carbon in composite soil samples by wet oxidation method as outlined by Walkley and Black 15 . Three soil cores (10 cm depth) were randomly collected at 0-10, 10-20 and 20-30 cm depth from each inter-row space in H 1 and H 2 systems as well as in control for determining soil bulk density by the method outlined by Black 16 . Further, the organic carbon sequestered in soil in 0-30 cm depth was calculated as follows SOC stock (mg C ha -1 ) = SOC (%) × Bulk density (g cm -3 ) × Sampling depth (cm).
Mean of tree growth parameters, tree biomass and tree biomass carbon of both the systems (D 1 and D 2 ) were compared by independent t-test while SOC stock and grass yield among D 1 , D 2 and control were compared by Duncan multiple range test (DMRT). All the statistical analysis was performed at 95% confidence level. Total tree biomass (stem + root) as well as below ground tree biomass (root) estimated from both the allometric equations were slightly different, but this difference was insignificant (Table 2) . Difference in below ground biomass (BGB) was almost consistent for all DBH ranges while for total biomass (TB) minimum difference was obtained for 19-20 cm DBH; beyond this, the difference increased towards both ends (Table 2) . Considering a slight difference in the estimated result of Below ground biomass (BGB), above ground biomass (AGB).
*P value: of independent t-test for equality of means (tree biomass carbon) between trees of spacing 5 × 3 m and 10 × 3 m at α = 0.05. **Mean value followed by same alphabet in soil organic carbon group are insignificantly different according to DMRT at P = 0.05.
both equations, mean of biomass obtained from these two equations was used to estimate biomass C-stock. Both systems showed similar survival percentage and about 57% of trees survived in D 1 while 58% survived in D 2 system. The average number of trees that survived in each row was 12 ± 1.87 and 12.14 ± 2.41 in D 1 and D 2 system respectively. The DBH (19.57 ± 0.46 cm) and height (8.42 ± 0.12 m) were significantly higher (16% and 7.5% respectively) in low tree density (D 1 ) as compared to high tree density (D 2 ) system. This led to significantly higher (44.5%) tree biomass carbon in low tree density system (118.44 ± 50.26 kg C tree -1 ) compared to high tree density system (81.96 ± 32.61 kg C tree -1 ) (Table 3). In spite of higher biomass carbon stock per tree in low density agroforestry system, tree biomass carbon stock per hectare was significantly higher (40.8%) in high tree density system (31.66 ± 12.6 Mg C ha -1 ) compared to low tree density system (22.48 ± 9.5 Mg C ha -1 ) ( Figure 1 ) in 0-30 cm soil depth. There was significant difference in total carbon sequestration (biomass + soil) among D 1 , D 2 and control. The total carbon sequestered per hectare land was highest in D 2 (54.8 ± 5.6 Mg C ha -1 ) followed by D 1 (45.5 ± 4.3 Mg C ha -1 ) and sole C. setigerus field (19.93 ± 0.31 Mg C ha -1 ) (Figure 1) . In D 1 , carbon sequestered in biomass and soil was almost similar, while in D 2 , carbon sequestered in biomass was more compared to soil (Figure 1) . The contribution of AGB, BGB and soil in total carbon sequestration was 40%, 10% and 50% in D 1 and 46%, 12% and 42% in D 2 respectively (Figure 1 ).
Higher growth and biomass carbon of individual tree in low density system (D 1 ), compared to high density (D 2 ) may be due to less competition for resources like water, nutrients and/or low shading effect of adjoining tree row. Agroforestry system with high tree density has reported lower tree growth, tree biomass and inter crop yield compared to low density system mainly due to competition for resources 6, [10] [11] [12] . However, high tree density system produced more tree biomass per hectare area compared to low density system due to more number of trees per unit area. This indicates that an individual tree may sequester more biomass carbon in low density plantation; however, total biomass carbon stored per hectare area depends on tree density. Therefore, optimum tree density is required for highest gain for both, tree biomass as well as yield of intercrop. In the present study, total tree biomass yield was 258.60 ± 109.75 kg tree -1 in low density system (333 tree ha -1 ) while 178.95 ± 71.20 kg tree -1 in high density system (666 tree ha -1 ). However, Singh and Singh 14 reported relatively lower, i.e., 42 ± 31 kg tree -1 total (below and above) biomass in 17-year-old H. binata based agroforestry system with density of 400 tree ha -1 in arid zone; while, Newaj et al. 8 reported relatively higher, i.e. 505 ± 15 kg tree -1 in 20-year-old system with density of 200 tree ha -1 in semi-arid zone. Similar kinds of differences were also observed for total biomass carbon stock. Under D 1 and D 2 system, total biomass carbon stock was 22.5 ± 9.5 Mg C ha -1 and 31.6 ± 12.6 Mg C ha -1 in D 1 and D 2 system respectively, after 30 years of establishment; whereas, Newaj et al. 8 reported relatively higher biomass carbon sequestration (46.13 ± 1.42 Mg C ha -1 ) in only 20-year-old system with density of 200 tree ha -1 in semi-arid zone. This difference might be due to differences in climatic condition, as Singh and Singh 14 reported a study from an arid region with relatively low mean annual rainfall (350 mm) and Newaj et al. 8 reported a study from a semi-arid region with relatively higher mean annual rain fall (958 mm).
The sequestration has also been reported in many studies in India and other parts of the world [18] [19] [20] [21] . In the arid region of Gujarat (India), SOC stock under 15-year-old silvipastoral system (Acacia tortilis/Azadirachta + Cenchrus ciliaris/C. setigerus) was reported to be 27.1-70.8% more compared to the sole pasture system (C. ciliaris and C. setigerus) in 0-100 cm soil profile 18 . In Kerala (India), home gardens with higher number of plant species and tree density have reported higher soil carbon, especially in the top 50 cm of soil (61.5 to 73 Mg C ha -1 ) 19 . The higher level of SOC stock under agroforestry system may be due to addition of leaf litter from tree, low soil erosion and modification in microclimatic condition [22] [23] [24] [25] . In addition to climatic effects, modification in soil microclimate due to shading effect of trees may also influence decomposition and sequestration of SOC. Surface soils are generally cooler and drier under plantations than under pasture due to shading and high transpiration 25 . This factor might contribute to slower decomposition rates following tree plantation. Further, accumulation of soil carbon was reported to be the greatest, when deciduous hard woods or N 2 -fixing species were established on excropped land in tropical or subtropical regions 25 . Further, in more than 30-year-old plantations, SOC stock has been reported to be similar to that under the previous land use system (agriculture) within top 10 cm of soil, however at other sampling depths, it has been reported to increase from 0.50% to 0.86% per year.
The study found significant effect of tree density on carbon sequestration in agroforestry system. A system with high tree density had less C-accumulation in an individual tree compared to a low density system; however, total carbon sequestered per hectare area was significantly more in a high density tree system. Tree spacing has also been reported to affect the yield of intercrop as well as tree due to competition and shade effect, which increases with the age of system. Therefore, determination of optimum tree density is necessary for getting maximum benefits in terms of carbon sequestration, intercrop and tree yield. In this study, established old agroforestry systems with different tree densities provide a good platform for determining carbon sequestration potential along with identification of better tree density for climate change mitigation and adaptation. In this, study H. binnata Roxb. based agroforestry system with high density (666 tree ha -1 ) was found suitable for enhancing carbon sequestration per hactare land over low density system and sole crop land. This system can sequester about 116.1 ± 46.2 Mg CO 2 ha -1 in biomass with 58% survival rate in 30 years.
